Abstract-The selective sensing of fluoride (F¯; an important breakdown product of some chemical warfare agents such as sarin) was achieved by observing quenching in the Metal to Ligand Charge Transfer (MLCT) emission of the 1,8-naphthalimide ruthenium conjugate Ru-Nap-NH 2 , which occurs at long wavelengths in CH 3 CN, using steady state fluorescence spectroscopy. The F¯ recognition was also visible to the naked eye, with a clear colour change from yellow to red. The sensing mechanism is most likely initially via hydrogen bonding, between the anion and the amine, which at higher concentrations, gives rise to deprotonation of the acidic 4-amino-1,8-naphthalimide moiety. However, counter ion effects may also be contributing to the overall emission changes. Other anions such as acetate, phosphate and chloride also give rise to quenching in the fluorescence emission with only minor changes in the UV-Vis absorption spectra of Ru-Nap-NH 2 . Moreover, phosphate also gave rise to shifts in the max in the emission spectra.
or Lewis Acids, 11 where the anion binding/recognition can occur either through hydrogen bonding or electrostatic interactions. 12 While the sensing of biologically relevant anions should ideally be achieved using water soluble agents/sensors, 13 it is most commonly carried out in organic media. 14 In solvents such as DMSO, CHCl 3 and CH 3 CN, other recognition processes can also take place, such as deprotonation, a phenomenon investigated in detail by Gale, 15 Tian, 16 and Fabbrizzi, 17 as well as our own research group. 18 Using the 4-amino-1,8-naphthalimide structure, which possesses long wavelength absorption ( max Abs ≈ 440 nm), and emission spectra ( g max Em ≈ 520 nm), due to the presence of an internal charge transfer (ICT), we have shown that basic anions such as fluoride (F¯) can cause deprotonation of the 4-amino moiety giving rise to a quenching of the naphthalimide emission. 18 We have also used the 4-amino-1,8-naphthalimide chromophore for the sensing of cations and in the imaging of bone structues, 19 and in the development of novel DNA binding agents. 20 An example of the latter, is the Ru(II)-polypyridyl complex Ru-Nap-NH 2 shown in Scheme 1, which binds strongly to DNA in competitive media, with concomitant changes in both the ground and the excited state properties of both the naphthalimide and the Ru(II) metal to ligand charge transfer (MLCT) transitions.
20b Herein, we show that this structure can also function as an anion sensor, showing a strong bias for fluoride (F -) 21 over other anions such as acetate (AcO¯) and other halides, in CH 3 CN solution. The advantage of this system over that previously developed by us 18 is that the anion recognition at the naphthalimide site interferes with the energy transfer mechanism from the naphthalimide moiety to the Ru(II) MLCT excited state, causing the long wavelength red Ru-centred emission to be effectively fully quenched. The use of transition metal ion based polypyridyl complexes in anion sensing has been demonstrated by Beer et al. 22 as well as by Sessler and co workers, 23 who have used phen-Co(II) complexes and hydrogen bonding dipyrrolylquinoxaline systems, while Tian et al. 16a have employed zinc porphyrin naphthalimide triads. More recently Baitalik et al. 24 used Ru(II) complexes of 4,5-bis(benzimidazol-2-yl)imidazole ligands in anion sensing, while Sojic and Pinet, 25 developed a guanidinium 3,3′-functionalised bipyridyl Ru(II) complex for anion sensing. The synthesis of the Ru-Nap-NH 2 complex was previously reported by us, 19 involving the formation of Ru-Nap-NO 2 from Nap-NO 2 in a two-step synthesis, as summarised in Scheme 1.
In CH 3 CN solution, Figure 1A , the absorption spectrum of Ru-Nap-NH 2 gave rise to a broad band centred at 432 nm, assigned to the naphthalimide unit and the MLCT transitions ( = 11,694 cm -1 M -1 ), and a narrower band at shorter wavelengths assigned to intraligand and naphthalimide g transitions ( = 39,365 cm -1 M -1 ). Upon addition of an excess of various anions, little or no changes were observed in the absorption spectrum, the most significant being seen upon addition of F‾ (as tetra-nbutylammonium (TBA) salt), where the long wavelength band was red shifted, and the appearance of a shoulder, centred at ca. 340 nm, was observed, which was assigned to the naphthalimide transition ( Figure 1A ). The transitions were also clearly visible in the excitation spectrum. These changes are somewhat smaller than previously seen for such 1,8-naphthalimide based sensors that possess acidic protons, e.g. the 4-amino moiety, that can be deprotonated. 18 In contrast to these results, significant changes were observed in the emission spectrum of Ru-Nap-NH 2 in the presence of various anions, Figure  1B . Excitation at 432 nm, (which should address both the naphthalimide and the MLCT absorption bands), gave rise to the formation of a long emitting and broad emission band entered at 615 nm, assigned to the MLCT emission alone, and a shoulder at ca. 505 nm which we assigned to the naphthalimide emission. As excitation at 432 nm addresses both excited states, the lack of any naphthalimide emission suggests that an efficient energy transfer mechanism exists from the naphthalimide singlet excited state (Nap S 1 ) to the MLCT*. Upon addition of the aforementioned anions, considerable changes were seen in the MLCT emission, Figure 1B , being most pronounced for F‾, where the emission was quenched by ca. 91%, while AcO¯ and Cl¯ gave rise to 73% and 39% emission quenching, respectively. Furthermore, no noticeable shifts were observed in the y max upon addition of these anions. In contrast, ions such as Br¯ and I¯ did not give rise to any changes in the absorption spectrum of Ru-Nap-NH 2 , and the fluorescence emission was only marginally quenched (less than 5%); excluding anion recognition by heavy atom effect quenching. 26 We also carried out these spectroscopic titrations in DMSO and on all occasions, the same behaviour was observed as seen in CH 3 CN above. Having established that these anions gave rise to significant modulation in the MLCT based emission spectrum of RuNap-NH 2 , we carried out detailed anion titrations, observing the changes in both the ground and the excited state properties of Ru-Nap-NH 2 . The changes observed in the absorption spectrum upon titration with F‾ in CH 3 CN are shown in Figure 2A , and clearly demonstrate that the MLCT band was red-shifted upon interaction with F‾, and that the high energy transitions were also affected. The changes in the absorption spectra were also found to be reversible upon addition of competitive hydrogen bonding solvents such as EtOH and water. We were able to analyse these results by fitting the absorption changes using the non-linear regression analysis programme SPECFIT, to both 1:1 and 1:2 (Host:Guest) binding stoichiometries. For F‾, this gave log K 1:1 = 4.24 (±0.01) and log K 1:2 = 2.6 (±0.13). Similarly, F‾ greatly affected the emission spectrum, which was quenched, as demonstrated in Figure  2B . Again, the changes were best fitted to two-step binding interactions, which gave log K 1:1 = 4.20 (±0.25) and log K 1:2 = 3.7 (±0.37). While the former correlates well with the value determined from the changes in the absorption spectrum, the 1:2 binding interaction is significantly higher. The changes in the emission spectrum were reversible upon addition of water, where the emission was 'switched back on'. At higher concentrations of the sensor (1.1 × 10 -3 M) the recognition of F‾ was also clearly visible to the naked eye as demonstrated in the graphical abstract, whereby the solution changed from yellow to red. These changes were also reversible upon addition of water.
Similarly, the titration of Ru-Nap-NH 2 with AcO¯ and Cl¯ also gave rise to changes in its absorption spectrum. However, these were, as demonstrated in Figure 1 , much less pronounced than that seen for F‾ (Figure 2A) , and we were unable to accurately determine the binding affinity from fitting these changes using non-linear regression analysis. Nevertheless, the concomitant changes in the emission spectrum were significant enough to allow for such analysis. The overall changes observed in the emission spectrum of Ru-Nap-NH 2 upon titration with Cl¯ are shown in Figure 3 . Also shown in Figure 3 , as an inset, is the speciation distribution diagram obtained after fitting the changes in the emission spectrum, which were best fitted to 1:1 stoichiometry; giving log K 1:1 = 2.90 (±0.056). Similarly, AcO¯ gave rise to significant changes in the emission spectrum of Ru-Nap-NH 2 , which were best fitted to both 1:1 and 1:2 binding interactions, giving log K 1:1 = 4.25 (±0.065) and log K 1:2 = 3.11 (±0.081). As stated above, and demonstrated in Figure 1B , no measureable shifts were observed in the max of the MLCT emission for these titrations. We also carried out titrations using H 2 PO 4¯ and HSO 4¯. While HSO 4¯d id not give rise to any significant changes in either the absorption or the emission spectrum, H 2 PO 4¯ gave rise to ca. 50% quenching in the MLCT emission. As well as both the MLCT and the transitions in the absorption spectrum being red-shifted ( Figure 4A ), the max of the MLCT emission was significantly affected, being red-shifted by ca. 20 nm over the course of the titration. The changes in the absorption and the emission spectra are shown for the H 2 PO 4¯ titration in Figures 4A and B , respectively, and demonstrate differing anion behaviour to that seen above in Figure 2 . The changes in the emission spectrum in Figure 4B were best fitted using 1:1 binding stoichiometry, giving log K 1:1 = 4.52 (±0.084), the speciation distribution diagram being shown in Figure 4B as an inset. To evaluate the specificity for H 2 PO 4¯ over other anions, the absorption and the emission spectra of Ru-Nap-NH 2 were recorded in the presence of excess H 2 PO 4¯. Upon addition of excess F¯, further quenching in the MLCT emission was observed. However, the emission was not blue-shifted back to the max seen in Figure 2B . Despite this, the MLCT transition in the absorption spectrum (which mirrored that observed in Figure 4A prior to the addition of F¯) was blue-shifted and the shoulder, centred at ca. 340 nm in Figure 2 , disappeared. While it is difficult to draw any firm conclusions from this experiment, it does show that possibly more than one anion recognition mechanism is contributing to the changes seen above.
With a view to shedding some light on the sensing mechanism for the above anions, we also investigated the spectral changes in the 1 H NMR (400 MHz), in both DMSO-d 6 and CD 3 CN, of Ru-Nap-NH 2 with AcO¯, Cl¯ and Fˉ. In DMSO-d 6 , all of these anions gave rise to significant changes in the 1 H NMR spectrum, where several resonances were shifted upfield upon addition of AcO¯ and Cl¯. This would indicate that these anions are interacting with the sensors via possible hydrogen bonding between the anion and the 4-amino moiety of the naphthalimide fluorophore. Similarly, Fˉ was also shown to give rise to large changes in the 1 H NMR, possibly due to deprotonation of the amine. Furthermore, in the case of Fˉ, the formation of a triplet at ca. 16 ppm was also observed at higher equivalents, which is usually taken as an indication for the formation of HF 2¯.
18
When these 1 H NMR experiments were repeated in CD 3 CN, the addition of these anions gave rise to precipitation, which is most likely due to anion exchange with the PF 6¯c ounterions, rendering Ru-Nap-NH 2 insoluble at such a high concentration (mM vs. On all accounts, this causes significant quenching of the MLCT based emission. Hence, it is possible that the formation of the MLCT excited state, achieved by population of the naphthalimide moiety (functioning as an antenna), as well as direct excitation of the MLCT band, is significantly diminished after this 'binding' event.
However, Cl¯ would not normally be expected to be able to deprotonate the 4-amino-napthalimide moiety, 18 but the presence of the Ru(II) centre could contribute to an enhanced acidity of these protons. 27 We are currently analysing this in greater detail as well as investigating the use of other Ru(II) polypyridyl based complexes for use in luminescence anion sensing.
In summary, we have shown that the naphthalimide-based Ru(II)-polypyridyl complex Ru-Nap-NH 2 can function as a highly effective and long wavelength emissive fluorescent anion sensor for several anions in organic solution, where Fˉ gives rise to the largest changes in both the absorption (which were visible to the naked eye) and the emission spectra, the latter being almost fully quenched.
